Five Mucacu speciosa monkeys were trained to discriminate between the order of two tactile stimulus presentations (proximal-distal vs. distal-proximal) to the lateral calf. Psychophysical thresholds for tactile sequence recognition were obtained by varying the distance between the spots stimulated. Stabilized preoperative thresholds for stimulation on the lateral calf averaged 10.4 mm, which is comparable to point localization thresholds for sequential contact of the proximal limbs of humans. Complete interruption of the ipsilateral fasciculus gracilis produced elevations of thresholds within the first 3 postoperative weeks to an average of 3.6 times the control values. With training over 6 postoperative months, normal discrimination recovered. In contrast to the effects of dorsal column (DC) lesions, interruption of the lateral and ventral columns ipsilaterally or contralaterally produced no deficit or a mild and transient deficit.
lemniscal system that have led to expectations that DC lesions would deteriorate the clarity of somatosensation when a high degree of spatial and/or temporal resolution is required by the testing situation (Mountcastle, 1961; Vierck, 1978c) .
The absence of anticipated impairments of spatiotactile discrimination on the leg following lesion of the fasciculus gracilis (Levitt and Schwartzman, 1966; Vierck and Rand, 1979; Wall and Noordenbos, 1977) can be attributed to intact projections in the lateral columns from topographically arranged dorsal horn cells (Brown and Fuchs, 1975) to the ventrobasal complex of the thalamus (Berkley, 1980; Boivie, 1979 Boivie, , 1980 . The ascending spinal projections from the hindlimbs provide a well documented model for relating sensory psychophysics to known physiological characteristics of the spinal pathways (Willis and Coggeshall, 1978) . At the present, there is relatively little information on the pattern of afferent sorting in the fasciculus cuneatus, but also there is little evidence favoring a fundamental difference in capacity for spatiotactile coding by the fasciculi gracilis and cuneatus. Both pathways are comprised of primary afferents that are predominantly fast conducting, fast adapting, spatially discrete, somatotopically 280 arranged, and synaptically secure (e.g., Pubols and Pubols, 1973; Whitsel et al., 1972) . Both fasciculi contain a minor projection from dorsal horn cells receiving convergent inputs from low and high threshold and quickly and slowly adapting afferents (Angaut-Petit, 1975; Rustioni et al., 1979; Uddenberg, 1968) , and similar effects of gracilis and cuneatus lesions have been obtained on tests of two-point, texture, and form discrimination (Cook and Browder, 1965; Dobry and Casey, 1972; Kitai and Weinberg, 1968; Levitt and Schwartzman, 1966; Schwartz et al., 1972; Wall and Noordenbos, 1977) .
To evaluate the implication that DC input is not required for spatial coding by the somatosensory cortex, it is instructive to scrutinize the behavioral tasks that have been utilized to test the effects of lesions at cortical and spinal levels. For example, object recognition relies upon a complex array of cues, both proprioceptive and tactile, and compensation for lesion effects often is proportional to the variety of available sources of information. Stimulus objects which differ along many dimensions (e.g., size, shape, weight, and texture and contour number, sharpness, and configuration) can be poor indicators of less than maximal disruption of the discriminative system. Thus, interruption of the dorsal columns produces loss of elemental cues important for object recognition (tactile direction sensitivity: Azulay and Schwartz, 1975; Vierck, 1974; Wall and Noordenbos, 1977;  and size discrimination: , without eliminating recognition of complex objects (Schwartz et al., 1972) .
Texture perception has been tested ordinarily with sandpaper surfaces. But most series of grit sizes and patterns (determined by filter pore sizes, grit materials, and glue thickness) include qualitative sensory changes. That is, a series of sandpapers covaries roughnesssmoothness with attributes such as sharpness that do not reflect spatial frequency alone. Furthermore, textural discriminations of spatial frequency or pattern may be served best by slowly adapting peripheral afferents (Johnson and Lamb, 1981; Phillips and Johnson, 1981) that represent a minor component of the fasciculus gracilis (Whitsel et al., 1972; Angaut-Petit, 1975) .
Although two-point discrimination has been utilized for many years as a standard clinical test for dorsal column function, it may be a poor representation of the spatiotactile resolving power of this system (Johnson and Phillips, 1981; Vierck and Jones, 1969) . For example, sequential application of a punctate stimulus to the same or different points on the skin produces point localization thresholds that are reliably one-fourth to one-third the values for two-point thresholds from the same skin area (Weinstein, 1968; Zigler, 1935) . Sequential application of the punctate stimulus avoids mutual interactions between points, and the task requires differential localization of the stimuli, which is a fundamental operation that is likely to be served by a highly resolved somatotopic map (Loomis and Collins, 1978) . Point localization thresholds are elevated by anterior parietal cortex lesions (Corkin et al., 1970) , but the results of DC lesions have not been determined. The present study utilized a variant of the point localization task which required the subjects to identify the relative position of as well as the separation between, two skin contacts. This procedure was implemented because of observations that the primary somatosensory cortical map preserves relative positions of points on the body surface, despite gross distortions of the topographic "map" and redundant representations of individual skin loci (Nelson et al., 1980; Werner and Whitsel, 1968) .
The purpose of the present study was to determine the contribution of each major, ascending somesthetic pathway to spatiotactile sequence recognition. This can be accomplished, as a first approximation, by lesioning three cord sectors: (1) the ipsilateral dorsal column (IDC; fasciculus gracilis for hindlimb stimulation); (2) the ipsilateral dorsolateral column (ILC), containing the spinocervicothalamic tract and the axons of dorsal horn cells that project to the dorsal column nuclei (Dart and Gordon, 1973; Hazlett et al., 1972; Nijensohn and Kerr, 1975; Rustioni et al., 1979) ; and (3) the contralateral ventral quadrant (CVQ), encompassing the crossed lateral and ventral spinothalamic tracts. By interrupting each cord sector singly and in combination with each of the other pathways, the sufficiency and necessity of each sector can be defined. The results of the present study distinguish the dorsal columns from the other pathways but do not suggest differences between the ILC and the CVQ in capacity to subserve spatial sequence recognition.
Materials and Methods
Five adult, female Macaca speciosa monkeys were trained to respond differentially to the spatial order of sequential, localized touch stimuli. The monkeys were housed communally (groups of three to five animals) in outdoor enclosures. They were carried daily to the testing room and placed in a chair that provided loose restraint of the torso and secure placement of the hindlimbs. The animals learned to press either of two spring-loaded doors for food reinforcement (Purina Monkey Chow). The daily ration of food was consumed during and immediately following the testing session; water was offered ad libiturn. As training progressed, the monkeys were reinforced only for responding during contact with a 3.2-mm diameter plastic probe within an area of shaved skin on either lateral calf. Then, the animals learned that responses to the left door produced food only following sequential contact with a proximal and then a distal point on the lateral calf. Correct responses to the right door occurred following a distal-proximal sequence of touches within the same area.
Prior to each testing session, the shaved lateral calf of each leg was marked with 11 ink spots that were aligned proximodistally and separated by 5 mm. On a given trial, the experimenter chose two spots and manually applied, the stimulus probe to one and then the other; each contact lasted 1 set, with 1 set between presentations. If the monkey did not respond by opening a door within 2 set, the sequence was repeated, for a maximum of three sequences. Responses within the first sequence of a trial or between trials were never reinforced. Incorrect responses during trials terminated the trial (noncorrection procedure). Correct responses were rewarded by handing food through the open door. To avoid fatigue or satiation during testing, sessions were short (100 trials) and approximately one-half of the daily ration of food was consumed during testing. By using a procedure involving forced choice of symmetrical, dichotomized alternatives, the percentage of correct responses is a measure of sensitivity that is not influenced by the subjects' decision criteria, unless a subject expresses a response bias to one of the manipulanda. No response biases were observed in the animals after stabilization of the threshold values.
When the monkeys responded correctly on greater than 90% of the 100 daily trials at a point separation of 50 mm, the procedure was altered in order to track thresholds for spatiotactile sequence recognition by a method of limits by sets procedure . The separation of the stimuli was altered between sets of 50 trials (two sets of 50 trials daily). To minimize habituation, different spots were touched on adjacent trials, but the separation remained fixed within a set of 50 trials. The separation was decreased from 50 mm in steps of 5 mm until the animal responded correctly on less than 75% of 50 trials at a given separation. If less than 75% correct responses were obtained, then the separation was increased by 5 mm for the next set. If greater than 75% correct responses were obtained, then the separation was decreased by 5 mm. Each crossover (of 75%) defined a threshold estimate. For example, the sequence: 80% at 10 mm, 70% at 5 mm, 74% at 10 mm, and 76% at 15 mm, yields two threshold estimates of 7.5 mm and 12.5 mm. Each monkey was tested preoperatively until threshold performance was stable (see "Results"). A major advantage of the method of limits is that the animals can be maintained at the edge of their competence by tracking thresholds; this should facilitate maximal sensitivity and recovery from sensory defects.
The effects of stimulus intensity and configuration on spatial sequence discrimination were evaluated further by interchanging sets of trials on which the stimulus of touch was accompanied by electrical stimulation. For some animals, the st.imulus for one daily set consisted of the 3.2-mm diameter rod, and for the other set, two electrified points (2 mm diameter, 3 mm separation) were applied to the skin, straddling the appropriate ink spots and oriented mediolaterally. Two milliamperes of constant, 60 Hz alternating current were passed between the points of the shock probe when in contact with the skin. The sensation evoked by this stimulus to the lateral calf of the experimenters was rated as a single, sharp, well localized, stinging sensation, judged as mildly painful but tolerable for durations beyond 1 sec. Thus, the sensation elicited by electrical stimulation was brief and salient, masking the pressure sensation from contact of the points with the skin.
After preoperative thresholds stabilized over a minimum of 25 consecutive estimates, a dorsal laminectomy was performed aseptically, following induction of ketamine and then halothane anesthesia. After reflection of the dura, the cord was visualized through a dissecting microscope, and the lesion was made in an area devoid of surface blood vessels. The lesion was induced by severing small portions of white matter with precision forceps. The dura, muscular layers, and skin were closed with Dexon sutures. The monkeys received postoperative antibiotics and aspirin. Behavioral testing was resumed a minimum of 1 week following surgery.
After completion of the behavioral experiment, the animals received an overdose of Nembutal and were perfused through the heart with normal saline, followed by 10% formalin. The spinal cord was removed from Cl through several segments below the most caudal lesion, and the level of each lesion was determined. Alternate, celloidin-embedded, 30-pm sections were stained with Weil or thionin, to reveal absence of intact fibers and gliosis within the lesioned segments of spinal cord. The extent of each lesion was determined with camera lucida drawings of sections throughout the area of scar tissue and both rostra1 and caudal to the lesion. The lesion border in each drawing corresponded to the larger extent of neural damage detectable on adjacent sections. Similarly, the representative drawing was selected on the basis of the largest lesion extent.
Results
Normal discrimination of spatial sequence on the hairy skin of monkeys' hindlimbs. The mean preoperative threshold for the five monkeys was 10.4 mm (SD = + 2.0; range = 6.7 to 13.3 mm). This value is comparable to human thresholds for point localization on the proximal extremities; for example, point localization thresholds of 10 mm have been reported for the lateral calf of humans (Weinstein, 1968; Zigler, 1935) . The point localization test requires only that the subjects detect the points stimulated as different; identification of the spatial sequence of skin contacts is not required. In comparing threshold values between the present studies and related investigations in humans, it should be noted that the monkey subjects were highly practiced, while the human subjects were relatively unpracticed with stimulation within a given body region. Previous investigations have shown that spatiotactile thresholds can decrease markedly with extensive practice (Dressler, 1894; Jones et al., 1973) . Thus, the preoperative control values for the present study can be regarded as stabilized threshold estimates that reflect optimum acuity for the region stimulated.
Three monkeys (nos. 1,2 and 3; Fig. 1 ) were stimulated on alternate sets of 50 trials with a plastic probe or with bipolar electrical stimulation. Spatiotactile sequence thresholds were unaffected by the presence of electrical stimulation, either before or after spinal cord lesions that produced mild to severe deficits.
Ipsilateral dorsal column lesions. Figure 1 presents pre-and postoperative spatiotactile sequence thresholds (averaged over five consecutive threshold estimates) as they vary over long periods of testing. Monkeys 4 and 5 received complete lesions of the fasciculus gracilis, the first (I) on one side and the second (II) on the other ( Fig.  1 ; 4IR, 411L; 5IL, 511R; L = left and R = right side of the cord). All four lesions produced substantial deficits in the immediate postoperative periods. Initial postoperative thresholds varied from 21.5 to 37.5 mm; the average of the first-block threshold values was 32 mm, or 3.6 times the control thresholds for these monkeys. The initial deficit was alleviated by postoperative training that continued for an average of 160 calendar days (range of 122 to 217 days) or 4100 trials. Figure 2A presents the beginning and end points of this recovery process by displaying differences in postoperative and control thresholds, averaged over the first three blocks of estimates in each animals 4 and 5, with lesions clearly confined to the DC (Fig. 1) . Camera lucida drawings of the area of demyelination in sections just rostra1 to the dorsal column lesions are shown in Figure 3 . Figs. 1 and 2B ). These two methods of DC isolation were employed because of the importance of preserving the health of the monkeys, by sparing a portion of either lateral or ventral column. Neither the ipsilateral ventral quadrant nor the contralateral dorsal quadrant is thought to contain major ascending pathways contributing to "conscious" somatosensation, and preservation of either sector contributes significantly to the maintenance of vital somatic and autonomic functions below the series of lesions. Both monkeys exhibited excellent discrimination in the early period of postoperative testing, demonstrating the sufficiency of the dorsal columns for supporting high resolution spatial discrimination. Lesions of the ipsilateral dorsolateral column. Lesion II of monkey 1 and lesion I of monkey 3 severed the ipsilateral dorsolateral column (IDLC) and spared the IDC and the contralateral ventral quadrant. The larger lesion (31L; Figs. 1 and 2C ), involving all of the left lateral column and both ventral columns, produced a mild initial deficit (a maximum of 1.8 times the control threshold), with recovery to preoperative values at 26 postoperative days (550 trials). The other, smaller lesion, confined to the left dorsolateral column, produced no significant deficit (1IIL; Figs. 1 and 2 C) .
Isolation of the ipsilateral dorsolateral column. Two monkeys received lesions of the fasciculus gracilis (100%) and much of the contralateral ventral quadrant (411R; 5111L; Figs. 1 and 20) . In both of these cases, the ventral quadrant lesions were incomplete (did not extend dorsally to the dentate ligament). The ventral lesions followed recovery from the dorsal column lesions, and max-#2-I T7 Figure 3 . Camera lucida drawings of demyelinated areas of white matter on Weil-stained sections just rostra1 to the dorsal column lesions, permitting tracing of the dorsal horns. These drawings provide conservative estimates of the area of white matter involved, but incidental interruption of the lateral column (#lI and #21) can be identified with certainty. Small portions of one fasciculus gracilis were spared by the first lesion received by two animals (#4IL; #5IR) and discrimination was unaffected (#4) or briefly elevated (#5). Complete lesions of the fasciculus gracilis that were confined to the dorsal columns produced similar deficits and recoverv (Fie. 2Al. and lesions that extended into the ILC produced larger deficits and prolonged (#21, IIL) or incomplete (#lI, IIR) reckery' (see Fig. 1 ).
imal threshold elevations of 15 mm (2.1 times control values: 411R) and 7 mm (2.0 times control values: 5IIIL) were observed, but full recovery occurred with practice over 3 to 4 postoperative months.
One monkey received a complete lesion of the right DC following complete interruption of the left lateral and ventral columns (311R; Figs. 1 and 20) . A severe and enduring deficit of 40 mm resulted from the second lesion. Similarly, isolation of the left dorsolateral column of monkey 2 produced a substantial deficit of 36 mm following interruption of the IDC and then the contralateral lateral and ventral columns; in this case, recovery from the ipsilateral DC lesion had occurred before the final, isolating lesion (2IIIL; Figs. 1 and 20) .
Lesions of the contralateral ventral quadrant. Two monkeys received lesions which spared the ipsilateral dorsal quadrant but severed most or all of the contralatera1 ventral quadrant. A small and transient threshold elevation of 1.8 times the control threshold, with recovery by 23 days, occurred contralateral to a lesion restricted to the ventral quadrant (BIIR; Figs. 1 and 2E ). Complete interruption of the left lateral and ventral columns produced no deficit on the right leg in the other monkey (31R; Figs. 1 and 2E) .
Isolation of the contralateral spinal pathways. Following ipsilateral hemisection and a contralateral lesion of the dorsolateral column (isolating the contralateral ventral quadrant), a severe and enduring deficit was observed (1IIIR; Figs. 1 and 2 F ) . The maximal deficit was 4 times the control values, and following 165 days of postoperative testing the threshold remained at 31.7 mm. A similar result was obtained (3111L; Figs. 1 and 2F ) following an ipsilateral hemisection (plus lesion of the contralateral DC and several "fingers" of lateral column infarction). Thresholds were elevated to 47.5 mm over 162 postoperative days.
Lesion sequences. Table I summarizes the effects and conclusions from primary lesions to each cord sector and from the most complete isolating lesions. Threshold values are listed in parentheses for the early postoperative period (initial deficit) and following recovery from primary lesions and after the last of each isolating sequence of lesions. The degree of recovery with retraining is indicated for each type of lesion, and the sufficiency and necessity of each cord sector (or combination of sectors) for normal levels of discrimination are stated. To evaluate the possibility that the results of sequential, isolating lesions could depend uniquely upon the occurrence of a recovery process initiated by a particular primary lesion, each sector was isolated by both possible orders of lesion to the other pathways. The order of these sequential lesions did not determine the occurrence of deficits from the second lesion. Isolation of the IDC produced little or no deficit, regardless of whether the ILC or the CVQ was Vierck et al. Vol. 3, No. 2, Feb. 1983 the first to be lesioned. Isolation of either the ILC or the CVQ produced substantial and enduring deficits, regardless of whether the IDC or the other lateral column was interrupted first.
Discussion
Spatiotactile resolution has been viewed classically as a sensory attribute subserved exclusively by the dorsal columns, because of a topographic organization that begins with a rich supply of afferents with small receptive fields (RFs). Even though a substantial portion of DC afferents (slowly adapting and deep units) exit the dorsal columns to synapse in the dorsal horn (Petit and Burgess, 1968) , the fasciculus gracilis forms a detailed and coherent "map" of the hindlimb in its rostra1 progression (Whitsel et al., 1972) . In the absence of the fasciculus gracilis, the population of responding cells in a core region of the primary somatosensory cortex is greatly reduced (Dreyer et al., 1974) . The topographic ordering of thalamic projections from either the spinothalamic or the spinocervicothalamic pathways appears to be less precise than the DC-lemniscal projection (Boivie, 1978 (Boivie, , 1979 (Boivie, , 1980 , but convergent projections to fringe zones of the dorsal column nuclei (Beck, 1976a; Gordon and Jukes, 1964; Hand and Van Winkle, 1977) and the ventrobasal complex (Berkley, 1980; Spreafico et al., 1981) provide spatially ordered inputs to the SI and SII somatosensory cortical areas.
The consequences of fasciculus gracilis lesions for tactile sequence recognition support a critical role for the dorsal columns in spatial resolution.
In contrast to the classical two-point test, which is not elevated significantly by DC lesions affecting the arms or the legs (Cook and Browder, 1965; Levitt and Schwartzman, 1966; Wall and Noordenbos, 1977) , sequence recognition reveals significant early postoperative deficits. However, spatial sequence thresholds were elevated submaximally by DC lesions, indicating that other pathways normally contribute to spatial order and coding by the somesthetic systems. The recovery process following DC lesions took the form of an early plateau (average sequence threshold of 3.7 times the control values), followed by a decrease in thresholds, beginning from several weeks to several months following surgery (500 to 2500 trials) and involving a long period of retraining that brought thresholds to normal levels. The onset of recovery may reflect the occurrence of collateral sprouting, which occurs optimally in convergent projection systems (Goldberger and Murray, 1978) such as the ventrobasal fringe that is partially deafferented by a DC lesion. The entire recovery process required approximately 6 months. A similarly long time course of recovery has been observed with roughness discrimination following SI cortical lesions (Finger and Reyes, 1975) . In this case, as with DC lesions (Vierck, 1982) , improvement depended on task-specific practice and was not related to time per se. The recovery of sequence recognition should not be considered restricted to proximal loci that are less densely supplied by the dorsal columns than distal areas, since a similar deficit and recovery to preoperative levels has been demonstrated for threshold discrimination of the size of discs impressed on the glabrous skin of the feet .
It appears that a number of aspects of purely spatial resolution are trivial and/or extremely secure functions of the somatosensory systems; these spatial attributes relate to edge or point contours and their absolute location (Vierck and Rand, 1979) , absolute separation (Cook and Browder, 1965; Levitt and Schwartzman, 1966) , relative separation , and relative location (present study). Theoretical accounts of the minimal information required for these functions indicates that innervation density is more critical than receptive field size (Erickson, 1968) ; hence lateral column projection cells with a large range of receptive field sizes can compensate for a massive deafferentation by DC lesion and can contribute a high degree of spatial resolution.
The recovery from DC lesions of purely spatiotactile thresholds contrasts with studies in which spatiotemporal somatosensory coding has been evaluated. Discrimination of the direction of movement of a stimulus across the skin surface is lost "permanently" after DC section (Azulay and Schwartz, 1975; Vierck, 1974; Wall and Noordenbos, 1977) , and the critical feature in these tasks may be the spatial progression of the stimulus in time. Also, spatially precise motor movements can be slowed when the target is located visually and the responding arm or leg is affected by the DC lesion (Beck, 1976b; Vierck, 1978a) . These comparisons suggest that the unique functions of the DC-lemniscal system pertain to the combination of precise spatial and temporal resolution.
Several previous attempts to isolate the dorsal columns have used a difficult preparation, involving section of all spinal white matter except the dorsal columns (Frommer et al., 1977; Myers et al., 1974) . These animals detected the presence of electrical stimulation or touch involving segments below the section. The present results and Levitt and co-workers' studies of two-point and limb position discriminations (M. Levitt, C. J. Vierck, J. Ovelmen-Levitt, and R. J. Schwartzman, unpublished obser-vations) have revealed excellent spatial senses of touch and proprioception following virtual isolation of the dorsal columns. That is, the isolating lesions were administered sequentially, and some portion of one lateral column was spared: either the ipsilateral ventral quadrant or the contralateral dorsolateral column. These monkeys are not difficult to maintain in good health, and the cord sectors below the lesions should not be served by task-relevant, long ascending pathways from the dorsal horn to the thalamus (with the exception of a contribution to the dorsal columns; Rustioni et al., 1979) . Animals with DC-isolating lesions were capable of the many skills involved in psychophysical testing: attention to relevant cues, recollection of tactile and proprioceptive perceptions, discrimination of body positions and positions of stimuli on the body, and a form of sensory-motor integration. Although there was a severe loss of input to the reticular formation, from interruption of the spinothalamic and spinoreticular tracts, the animals' discrimination and attention to the task were excellent. Monkey no. 2 is an important example (2111R; Fig. 2B ), because the spinoreticular tracts were interrupted to a large extent contralaterally, in conjunction with total ipsilateral section. The excellent performance of this monkey contrasts with the relatively debilitating effects of interrupting all non-DC spinal pathways at one level (Frommer et al., 1977; Myers et al., 1974) or lesioning the reticular formation directly (Sprague et al., 1963) . Complete interruption of the lateral and ventral columns at one level and at one time produces especially profound deafferentation of the brain stem by eliminating conduction via the propriospinal system (Basbaum, 1973; Breazile and Kitchell, 1968) , and this could contribute to differences in performance of animals with simultaneous vs. sequential lesions of the lateral and ventral columns. Given their ability to attend to and perform the task, our DC isolates demonstrate spatial capacities that have been ascribed to the dorsal columns (Mountcastle, 1961) but have been questioned by the lack of impairment often seen with DC lesions (reviewed by Beck, 1976a; Kruger and Norton, 1973; Norrsell, 1980; Vierck, 1978b, c; Wall, 1970) . This finding demonstrates the necessity of observing the effects of lesion and isolation of each spinal pathway for interpretation of their functional contributions.
The ipsilateral dorsolateral columns have received much attention, in relation to apparent redundancy with the DC-lemniscal system for touch and with the spinothalamic tracts for pain. Although the spinocervicothalamic tract is thought to share lemniscal functions with the dorsal columns (e.g., discriminative touch; Kitai and Weinberg, 1968; Norrsell, 1966; Tapper, 1970) in carnivores, its anatomical prominence and physiological potency are thought to decrease relative to the spinothalamic tract in primates, including man (Andersson et al., 1975; Truex et al., 1965) . However, the functional importance of these pathways cannot be deduced from their structural and physiological properties or generalized across different sensory tests. Psychophysical studies of primates have shown either that the ILC is more important than the CVQ for two-point discrimination (M. Levitt, C. J. Vierck, and R. J. Schwartzman, unpublished observations) or that the two sectors appear equivalent (present study).
Combined section either of the IDC and the ILC or of the fasciculus gracilis and the spinothalamic tracts produced large, enduring deficits of tactile sequence recognition. Normal thresholds for sequence discrimination required a somesthetic system supplied either by the dorsal columns or by both lateral columns. Thus, dorsal horn cells that project long axons via the lateral columns to the specific, thalamocortical, somesthetic system appear to form a coherent spatial representation of the body surface that is able to compensate for absence of the dorsal columns but is not crucial, in whole or in part, for normal discrimination, in the presence of the dorsal columns. Primary lesion of one lateral column does not produce ipsilateral or contralateral elevations of sequence thresholds or deficits on any purely sensory test for spatiotactile discrimination that has been utilized in primates. However, in the absence of the dorsal columns, recognition of the relative location of tactile stimuli is sensitive to interruption of either lateral column. The interdependence of the lateral column pathways for tactile localization (following DC lesion) is reasonable, considering the extensive interdigitation of their projections to the thalamic ventrobasal complex (Berkley, 1980) . The present analysis has concentrated attention on the lemniscal-thalamic and the spinothalamic projection systems. Effects of spinal lesions on descending projections may also contribute to the effects observed. For example, a descending, dorsolateral system exerts inhibitory actions on dorsal horn neurons (Brown et al., 1973; Fetz, 1968; Holmquist et al., 1960; McCreery et al., 1979; Willis, 1979) , and the threshold elevations produced by dorsal quadrant lesions could have resulted from increased "noise." However: (1) inhibitory effects of the raphe-spinal component of the dorsolateral pathway are exerted predominantly on input to the dorsal horn from high threshold nociceptors (Basbaum and Fields, 1980; Duggan and Griersmith, 1979; Rivot et al., 1980) , and (2) when the ipsilateral dorsal column was intact, complete, bilateral IDLC lesions did not elevate thresholds (1IIIL; Fig. 2B ).
The ipsilateral ventral quadrant contains ascending spinoreticular tracts and also descending, noradrenergic tracts that modulate transmission through the dorsal horn (Belcher, 1977; Headley et al., 1978; Hodge et al., 1981) . These pathways exert bilateral effects at their rostra1 or caudal terminations, and therefore the assessment of ipsilateral or contralateral ventral quadrant (VQ) section can indicate influences of the spinoreticular and reticulospinal tracts. Little or no discernible effects could be attributed to the following additions of spinoreticular and reticulospinal section to other lesions: ( 1) ipsilateral VQ and DC (SIIL; 411L; 5IIIR; Fig. 1) ; (2) ipsilateral VQ and DLC (31L ; Fig. 2C) ; (3) contralateral VQ, the ipso facto confounding of spinoreticular and spinothalamic section, producing no deficit (SIIR, 31R ; Fig. 2E ) ; and (4) bilateral VQ with ipsilateral DLC (2IIIR; Fig. 2B ). Apparently the spinal-reticular-spinal system in the ventral cord is more relevant to pain conduction than to coding of discriminative touch. Ventral hemisection, interrupting most or all of the spinal-reticular-spinal projections systems, produces permanent attenuation of pain reactivity (Vierck and Luck, 1979) but does not disrupt tactile sequence recognition (SIIIR; Fig. 2B ).
In summary, psychophysical thresholds for tactile sequence recognition implicate two systems that are capa-ble of mediating resolution of punctate stimuli. Isolation of the DC-lemniscal system forces the monkeys to rely upon input from quickly adapting tactile receptors. The DC-lemniscal system supports spatiotactile resolution securely, as evidenced by a lack of effects (even temporarily) from DC isolation. Isolation of the dorsal horn projections in the lateral columns by DC lesions produces substantial early deficits, but discriminative capacity returns to normal levels with extensive postoperative testing. The predominant source of tactile input to the lateral column pathways comes from slowly adapting receptors (Brown, 1981; Willis et al., 1974) . Thus, the relative location of punctate stimuli can be subserved by spinal projection systems supplied predominantly by either quickly or slowly adapting receptors. The latter system of projections from the dorsal horn supports tactile sequence recognition only if both lateral columns are intact.
